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NanocatalystAbstract Carbon nanotubes (CNTs) were grown on copper catalyst by thermal chemical vapor
deposition (TCVD) using H2 and N2 as carrier gases. CNTs with different morphologies were
observed using different carrier gas ﬂow rates. The inﬂuence of carrier gas ﬂow rates on the struc-
ture of carbon nanotubes was compared. Catalyst nanolayer was sputtered on mirror polished sil-
icon wafers. The catalyst ﬁlm thickness was determined by using the Rutherford Back Scattering
(RBS) technique. Ethanol as carbon source has been used. The surface morphology and nanostruc-
ture were studied by Scanning Electron Microscopy (SEM), Raman Spectroscopy, Tunneling Elec-
tron Microscopy (TEM) and Atomic Force Microscopy (AFM). Results indicated that the amounts
of deposited carbon decrease with increasing ﬂow rates. These results showed that CNTs’ length
decreased with increasing ﬂow rates. Results suggest that Cu nanolayer is suitable as catalyst due
to the fact that CNTs are monotonous.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Carbon nanostructures have attracted much attention because
of unique electrical, optical and mechanical properties (Aja-
yan, 1999). The application of CNTs is their use in nanoscale
electronic such as interconnects, nanosensors and ﬁeld effect
transistors by their speciﬁc electronic structures, unique one-
dimensional nanostructures and superior transport properties(Graham et al., 2005; Kuttle et al., 1998; Ngo et al., 2004).
Several major methods have been developed to grow CNTs
such as chemical vapor deposition (CVD) (Fu et al., 2012; Lisi
et al., 2011; Handuja et al., 2010; Chen et al., 2009), laser abla-
tion (Thess et al., 1996), arc discharge (Journet et al., 1997) and
microwave heating (Teo et al., 2004). Also, there are several
techniques of CVD such as thermal CVD (Fu et al., 2012;
Wu et al., 2012), plasma-assisted thermal CVD (Lee et al.,
2011), Surface wave microwave plasma CVD (Rusop et al.,
2005; Ghimire et al., 2008), hot ﬁlament CVD (Sampaio
et al., 2010; Salgueiredo et al., 2011), thermogravimetric
CVD (Kouravelou et al., 2007), catalytic chemical vapor depo-
sition (Zhu et al., 2012), radiofrequency CVD (Mannan et al.,
2009) and laser CVD (Guo et al., 2012). Among these methods
CVD has attracted much attention owing to its advantages
including selective growth of CNTs, high yield, high purity
and lower cost. In this method, the characteristics of CNTs
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signiﬁcantly affected by the synthesis parameters ranging from
growth temperature (Akbarzadeh Pasha et al., 2010; Zhu et al.,
2012; Sengupta and Jacob, 2010), carrier gas ﬂow (Valles et al.,
2009; Liu et al., 2009), hydrocarbon source (Panda, 2009;Maity
et al., 2008; Botello-Me´ndez et al., 2008;Mordkovich andKara-
eva, 2010; Yu et al., 2006), type of wafer and substrate (Wu
et al., 2012; Sahoo and Daramalla, 2012; Hong et al., 2012) to
the catalyst characteristics including its morphology, the tech-
nique of catalyst preparation and composition. Morphology
of catalyst used for the CVD technique is one of important fac-
tors for CNTs’ growth. Several catalysts such as Fe, Co, Ni and
combination of those metals and catalyst support materials
(Ding et al., 2004; Inoue et al., 2005). Some researchers reported
the synthesis of single-walled carbon nanotubes (SWNTs) from
catalyst ﬁlm with gradient thickness deposited by a combina-
tion masked deposition method (Lu et al., 2012; Rinaldi et al.,
2011). An alcohol catalytic CVDmethod is expected to be a po-
tential technique for the fabrication of electronic devices (Yuan
et al., 2008). For this purpose, several experimental conditions
are studied (Peng et al., 2011). Therefore, these parameters such
as the carrier gas ﬂow rates, type of wafer, catalyst and hydro-
carbon source affect CNTs’ growth.
Relation between synthesis and carrier gas ﬂow rate of
CNTs has not been fully studied. In this study, Si wafer P-type
was used as substrates and was coated with Cu nanolayer by
sputtering technique because Cu catalyst is available and inex-
pensive with high purity. CNTs have been grown by TCVD.
Finally, the inﬂuence of carrier gas ﬂow rates on carbon nano-
structures, morphology and graphitization is reported.2. Experimental
Substrate preparation: the Si wafer P-type (100) was used as
substrates with the resistivity ranging from 2 to 8 X cm. The
substrates were cleaned by ultrasonic vibration with acetone,
ethanol and deionized water to remove all contaminants, sep-
arately and respectively. A Cu thin ﬁlm was deposited on a
mirror-polished silicon wafer as a catalyst by a direct current
sputtering technique. Thickness of the Cu nanolayer was
15 nm. This instrument consisted of a cylindrical glass tubeFigure 1 AFM analysis of Cu nanolayers coatand two Cu plates used as a cathode (with 30 mm diameter
and 200 mm length) and anode (with 100 mm diameter and
200 mm length) into the chamber. Argon gas was selected as
a sputtering gas and the operation pressure was 0.03 torr.
The applied voltage between the anode and cathode was about
900 V which produced a current of 120 mA. A silicon wafer
used as a substrate was ﬁxed on the anode. The surface mor-
phologies of the Cu thin ﬁlms were observed using the AFM
(AFM Park Scientiﬁc Instruments Auto Probe CP). Thickness
of thin ﬁlms was measured using the Rutherford Back Scatter-
ing (RBS) technique (using He+ ion beam of 10 lm in diame-
ter with 2.0 MeV energy). AFM micrographs of Cu nanolayer
are shown in Fig. 1. The morphology and size distribution of
CNTs were characterized by transmission electron microscopy
(TEM, Philips 200 FEG instruments).
Growth of the carbon nanotubes: a thermal chemical vapor
deposition reactor was used for the synthesis of CNTs by cat-
alytic decomposition of ethanol on Si (100) substrates. TCVD
system consists of a furnace, a quartz tube with 60 cm in length
and 4 cm inner diameter, a thermocouple and a temperature
controller that is shown in Fig. 2.
The prepared substrate was placed inside of a quartz tube
and the CVD chamber was evacuated to 15 mtorr. Then the
temperature was increased to 900 C while being exposed to
an argon–hydrogen mixture gas (10% H2 balanced Ar) with
100, 150 and 250 sccm (denotes cubic centimeter per minute
at STP) ﬂow rates. This mixture gas was bubbled into the alco-
hol chamber. Then, mixture gas with the alcohol vapor was
introduced inside of the quartz tube. In a desired reaction tem-
perature (850 C), controlled high purity anhydrous ethanol
(99.95%, Merck) was supplied as a carbon source for the
growth of CNTs resulting. To avoid the catalyst oxidation, ar-
gon gas with 200 sccm was fed into the tube and then the Ar
gas valve was closed. The reaction times for the growth of car-
bon nanostructures were 30 min. After the ﬁnishing the growth
process, mixture of H2/Ar with 150:150 (sccm) ﬂow rates was
fed into the tube until tube temperature was decreased to the
room temperature. On the other hand, other parameters of
growing carbon nanostructures under these conditions have
not been changed. Scanning electron microscopy and Raman
spectroscopy were used for the characterization of the CNTs’










Figure 2 Schematics of ethanol TCVD system.
Figure 3 SEM images of CNTs are grown on silicon substrates with H2/Ar mixture. (a) 100 and (b) 150 sccm of ﬂow rates and (c)
250 sccm of ﬂow rates.
Figure 4 TEM image of CNTs with 150 sccm by TCVD.
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Si wafer P-type with Cu nanolayer was deposited by sputtering
technique. The ethanol concentration in the reaction mixture
with different gas ﬂow rates of argon–hydrogen mixture gas
varied from 100 to 250 sccm. Whenever a mixture of gases is
in contact with the catalyst surface, equilibrium is established
between the molecules in the gas phase and the corresponding
adsorbed species (molecules or atoms) which are bound to the
surface of the catalyst. Thus, increasing the carrier gas ﬂow
rates decreased the formation of CNTs, because carrier gas
molecules occupied the catalyst sites more than ethanol mole-
cules. It is considered that changing the carrier gas ﬂow rates
affects the morphology and structure of CNTs. Fig. 3 shows
top-view SEM images of the samples for increasing ﬂow rates.
The SEM images clearly show a change in the carbon nano-
structure morphology as a function of the C2H5OH ﬂow rates.
In case of 100 and 150 sccm ﬂow rates of mixture gas rather
large amounts of CNTs are seen (Fig. 3a and b). For 250 sccm
ﬂow rate nearly no CNTs’ growth is observed (Fig. 3c). The
amount of deposited carbon decreased with increasing ﬂow
rates. Also, Fig. 3 shows that CNTs’ length decreased with
increasing ﬂow rates. Fig. 4 shows the TEM image of the
grown CNTs with 150 sccm, which conﬁrms that the morphol-
ogy observed in the SEM images have tubular structure.
Raman spectroscopy is one of the most powerful tools for
the characterization of CNTs. Raman spectrum of theproduced CNTs with different ﬂow rates is shown in Fig. 5.
The Raman band appearing in the 1300–1385 cm1 spectral re-
gion is known as D band (disorder induced band) and the one
appearing in the 1550–1650 cm1 region of the wave number is
attributed to G band (graphite band). In this study, there are
two main peaks in the spectrum. The clear G band indicates
the formation of graphitized MWCNTs and the D band indi-
cates the existence of the defective graphite layers. Also, there
is no apparent signal peak, below 300 cm1 of the spectrum
(not shown here). That means, Cu nanolayer has not been acti-
vated for the growth of CNTs. The peak intensity ratio I(G)/I(D)
Figure 5 Raman spectrum of grown CNTs’ with different ﬂow
rates of (a) 100, (b) 150 sccm.
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relative response of graphite carbon to defective carbon. In the
present case, the ratio of I(G)/I(D) is more than one for ﬂow rates
of 100 and 150 sccm which indicates that the grown CNTs have
good crystalline graphitic structure. The produced CNTs have
better quality compared to other reports of CNTs synthesized
by TCVD over other metal thin ﬁlm with ethanol vapor.
4. Conclusion
The Si wafer was used as substrates. A Cu nanolayer was
deposited on a mirror-polished silicon wafer by a direct current
sputtering technique. Thickness of the thin ﬁlms was 15 nm.
The ethanol concentration in the reaction mixture with differ-
ent gas ﬂow rates of argon–hydrogen mixture gas (10% H2
balanced Ar) was selected from 100 to 250 sccm. The SEM
images of CNTs grown over thin ﬁlms with different carrier
gas ﬂow rates show that CNTs are grown successfully except
250 sccm. In the present case of 100 and 150 sccm ﬂow rates
of mixture gas rather large amounts of CNTs are seen. Since
no growth of CNTs was observed with 250 sccm ﬂow rate, it
seems that this ﬂow rate is not suitable to activated Cu nano-
layer. The amounts of deposited carbon decreased with
increasing ﬂow rates. These results show that CNTs’ length de-
creased with increasing ﬂow rates from 100 to 150 sccm. From
Raman spectrum it is considered that the clear G band indi-
cates the formation of graphitized CNTs. The peak intensity
ratio is recognized as a rough measure of produced CNTs’
quality because it is the relative response of graphite carbon
to defective carbon.References
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